Objectives. This study was designed to assess the accuracy of a new Doppler method for quantification of volumetric flow in vivo.
(J Am Coil Cardiol 1996;27:182-92)
Noninvasive quantification of blood flow through the heart valves and in the great vessels is of major clinical importance in the assessment of cardiac output and valvular disease. The noninvasive techniques that are presently used in quantification of blood flow include velocity-encoded magnetic resonance imaging (MRI) and Doppler ultrasound. Velocityencoded MRI has the potential to become a noninvasive technique for assessment of mitral (1) , aortic (1) and pulmonary (2) valvular flow, but further clinical validation is needed. Furthermore, because of high costs and the extensive equipment required, the magnetic resonance technique has not yet been adopted for routine clinical use. Ultrasound methods are capable of measuring blood velocities noninvasively, but there are several fundamental problems in the calculation of volumetric flow using this methodology. A major source of error in flow measurements is the technical difficulty in obtaining an adequate acoustic window to determine precisely the area of flow during the heart cycle. Also, the conventional pulsed Doppler mode using only one sample volume to estimate the spatial mean velocity of blood across the transverse plane of a vessel or valve is inherently erroneous because of nonuniform velocity profiles at the mitral (3) (4) (5) (6) , aortic (7) and pulmonary (2, (8) (9) (10) valves. Finally, the angle dependence of the Doppler technique in velocity measurements has been troublesome for clinical use because correct estimation of the angle between the direction of blood flow and the direction of the ultrasound beam is difficult.
In this report we present a general-purpose volumetric flow method based on the control volume principle of fluid mechanics applied to two-dimensional color Doppler mapping. A control volume is a volume in space through which fluid may flow. For an incompressible fluid, the control volume principle can be stated as follows: The change in a defined volume, such as the left ventricle, equals the flow integrated across the surface of a control volume. Computing velocity vectors over a surface normal to the point of scanning will show that no angle correction factor is needed for quantification of volumetric flow regardless of the flow patterns. The method is therefore independent of the angle of incidence between the ultrasound beam and the direction of blood flow. In addition, by rotating the ultrasound transducer in small increments, the cross- sectional flow area can be estimated throughout the heart cycle in a semiautomatized mode by summation of color pixels. We therefore hypothesized that this method could accurately quantify volumetric flow irrespective of the Doppler angle of incidence and without any preassumption about the flow profile.
In vivo validation of this new Doppler technique was performed by measuring cardiac output in the main pulmonary artery in seven pigs during different hemodynamic states, and results were compared with those obtained by the thermodilution technique. In addition, the technique was tested in normal volunteers by measuring cardiac output through the mitral valve and comparing it with that measured by velocity-encoded MRI.
Theoretic considerations. Doppler ultrasound is not presently capable of measuring three-dimensional velocity fields. Consequently, it has been thought that three-dimensional flows also could not be measured accurately, because threedimensional flows depend on the three-dimensional velocity field. However, this basic assumption is not true if we choose our measurement plane such that it is equidistant from the ultrasound transducer. We can then find simple expressions for total flow. The following derivation explains the principles of measuring flow without angle correction. A more technical introduction of the basic theory is provided elsewhere (11) . Figure 1 (top) illustrates a small surface area, AA, with fluid entering the surface at a constant velocity V. After some time t, the amount of fluid entering the surface corresponds to a box (Fig. 1, bottom) with length S = Vt and an end-surface area AA. It is assumed that the fluid is incompressible; that is, its density is constant. Thus, the volume of the box is Vt AA.
Volumetric flow is defined as the volume of fluid that flows through a given surface per unit time; thus, we find Vt AA Flow -t -V AA.
[1]
It is important to recognize that V is the velocity perpendicular to the surface AA; that is, the velocity measured along the normal to the surface. In general, because fluid velocity is not uniform across a given surface, we have to sum small units of V AA to calculate total flow. Using pulsed Doppler ultrasound, we measure velocity in the direction of the beam and not the size of the general three-dimensional velocity vector. When the velocity field deviates from laminar flow, we do not know the direction of the resulting velocity vectors. Even though three-dimensional angle correction is possible (3, 12) , such methods rely on precise knowledge of the direction of the flow vector.
Usually the vessel through which the flow is to be measured is cut by a plane surface and divided into small areas to compute the total sum of individual V AA units. In this case, we have to make the troublesome cos 4' corrections. However, we can choose any control volume surface that includes the vessel to compute total flow, and the plane surface has been chosen traditionally for simplicity. If we choose a spherical surface with the ultrasound transducer placed in its center, the situation changes (Fig. 2a) . Now the velocity we are measuring corresponds to the velocity component perpendicular to the surface on every point of the surface. Thus, by calculating small, individual V AA units on the spherical surface, there will be no angle correction regardless of the flow pattern (a mathematical proof is derived in the Appendix). According to the control volume principle, the total flow for an incompressible fluid can then be calculated by integration of the flow through the control surface. The small areas can be found using calculus, as follows:
AA : AqSR2]cos 01 -cos 021, [2] where R is the radius of the chosen sphere (see Fig. 2b for definition of A4,, 01, 02). The center of the sphere (R = 0) is defined as the apex of the two-dimensional sector array. This point is actually positioned within the housing of the transducer (Fig. 2) . Using multiplanar ultrasound transducers, it is a simple task to measure the flow on a spherical surface. In theory, we need an infinitely small sample volume and an infinite number of scanning planes to fully cover the chosen surface. For practical purposes, we chose a finite number of scanning planes to cover the surface with adequate resolution.
Methods
Experimental animal model. One 90-kg and six 40-kg pigs (mixed Danish Landrace and Yorkshire) were included in the study. The care and use of these laboratory animals complied with the principles stated by the Danish law on animal experimentation, and the study was approved by the Danish Inspectorate of Animal Experimentation.
Premedication was accomplished with midazolam (0.5 mg/kg body weight) and azaperone (4 mg/kg) administered intramuscularly. After an additional 15-min period, metomidate (3 mg/kg) was administered intravenously through an ear vein. The pigs were intubated endotracheally, and ventilation was maintained by a ventilator (EngstrOm type ER To obtain the best acoustic window possible, both epicardial and transesophageal scanning were performed. Thus, in three of the seven pigs a midline sternotomy was made to obtain an epicardial acoustic window for the ultrasound transducer. The transducer was positioned to image the main pulmonary artery. A latex sac filled with ultrasound gel was wrapped around the transducer as a buffer to absorb heart movement and to ensure optimal acoustic contact. In the other four pigs a multiplane transesophageal transducer was used. As a reference for measurement of cardiac output, the thermodilution technique was used. A 7F Swan-Ganz thermodilution catheter was inserted through a jugular vein into the pulmonary artery, and 10 ml of 0.9% cold sodium chloride was injected through the catheter. During the color Doppler measurements, the thermodilution catheter was pulled back into the right ventricle to avoid artifacts from the catheter. During the measurements, left ventricular blood pressure, heart rate and the ECG were continuously monitored. A change >10% in one or more of these variables during measurement led to its exclusion. Before and after each measurement series, cardiac output was measured by thermodilution as the mean of three values with a relative difference of <10% between measurements. Cardiac output was measured before and after termination of the Doppler recordings, and the average of the two was used for statistical comparison with Doppler ultrasound. To compare the different flow rates, cardiac output was progressively increased by intravenous infusion of saline and positive inotropic and chronotropic support by epinephrine. Mean heart rate during steady state was 46 _+ 7.1 min -1 and increased progressively up to 100% during stimulation. After the measurements were terminated, the animals were killed during continued anesthesia by intravenous administration of potassium chloride.
Doppler echocardiography. Doppler echocardiographic measurements were performed using a mechanical annular phased array transducer operated by a Vingmed Sound CFM 800 system (Vingmed Sound, Horten, Norway). A standard transthoracic transducer was used for epicardial scanning in Figure 3 . Systolic color Doppler frames from the main pulmonary artery at six different rotations, measured by transesophageal echocardiography with 30 ° intervals. Equidistant lines from the transducer are shown. Often, the arc has to be limited on both sides to ensure that flow from other vessels or heart chambers is not included in the calculations. The systolic forward flow is shown as red because the flow direction is such that the blood moves toward the transducer.
three pigs, whereas a multiplane transesophageal transducer was used in four pigs. Blood velocity measurements were performed by two-dimensional color Doppler imaging. The Doppler frequency was 4 MHz. The minimal registered velocity was _+8 to 12 cm/s, depending on the setting of the wall motion high pass filter. The "packet size" was set to medium and maximum, corresponding to 16 and 34 pulse trains, respectively. To ensure a stable, fixed transducer position for recording the cross-sectional velocity profiles in the pulmonary artery, we used a custom-designed transducer rotation device for the epicardial scanning (3). The transducer could thus be positioned to image the pulmonary artery from an epicardial position. By rotating the transducer counterclockwise from 0 ° to 150 ° in 30 ° steps, it was possible to interrogate along six diameters across the pulmonary artery, encompassing the entire cross-sectional area (Fig. 3) . In each rotation two-dimensional color Doppler recordings were downloaded on-line to an external Macintosh computer together with the ECG. Antialiasing. Many of the measured velocity values from the pulmonary artery were aliased because of the low setting of the low velocity reject. This was manifest as a distinct change from the highest positive to the most negative velocities, or vice versa.
A few aliased values within each frame can easily make the flow estimates erroneous. Therefore, a simple antialiasing unwrapping method was used. The operator had the option of shifting the baseline in each frame by moving a control bar in a windows-based environment (MPW Pascal, Apple Computer) and watching the resulting velocities on a graph. It was usually necessary to set the baseline only once for each rotation chosen. The antialiasing equations are as follows: where V m is the Doppler-measured velocity at a particular point; V .... is the maximal velocity over which aliasing occurs; and Index is a control value determined by the user (Index = -100 ~ positive velocities only; Index = 0 ~ no shift of baseline; Index = +100 ~ only negative velocities allowed). Trigger delay. The color Doppler measurements were recorded with a very low frame rate using a maximal "packet size" to obtain flow data of the highest possible quality and a low limit of the wall motion high pass filter (low velocity reject) was used. With a frame rate of 4 to 6 frames/s, the time resolution of each frame was low (250 to 167 ms). To improve this rate, a programmable ECG analog delay line with a time resolution of 1 ms (0 to 999 ms) was used for the animal studies. Thus, it was possible to acquire consecutively delayed color images with a known incremental delay between sweeps. This technique can be used to overcome poor temporal resolution and obtain time-corrected flow-velocity profiles (13) . The number of time delays varied from three to five, depending on the frame rate inasmuch as more time delays were used for a lower frame rate.
Because the mechanical Vingmed transducer does not start a sweep exactly at the trigger signal but sweeps continuously JACC VoI. 27 with a predefined frame rate, data collection during each heart cycle from the different scan planes is not perfectly synchronized. Thus, the instantaneous flow rate collected from six different scan planes will be a summation of flow from a time period determined by the frame rate. However, we get an estimate of the mean flow throughout the heart cycle (by delaying the ECG by small amounts of the time that it takes to complete a frame). Asynchronous sampling. The use of an external ECGdelay device is impractical and time-consuming. Therefore, an alternative data-sampling routine was used for the human studies. We used an external ECG simulator as a trigger signal. Thus, the flow was sampled asyncbronously with heart rate inasmuch as the color Doppler data were collected for a time period of 4 s in each rotation irrespective of the patient's ECG. The rationale for this asynchronous sampling scheme is that the data sampling is randomly initiated from the external trigger signal by pressing a button on the scanner. The color Doppler data from a sampling period defined from the beginning of a trigger pulse to the next trigger pulse are then sampled with a temporal resolution according to the frame rate. Because this sampling is in fact random with reference to the patient's cardiac cycle, we do not need the Nyquist criterion for data sampling. Therefore, it is possible to estimate the mean flow rate even with a very low frame rate so long as the sampling period is long.
Human study. Ten normal volunteers were included in the present study (five men, five women; mean [_+SD] body surface area 1.77 _+ 0.15 m2). Volumetric flows were measured by color Doppler flow mapping across the mitral valve and through the ascending aorta by velocity-encoded MRI for comparison.
Written informed consent was obtained from each volunteer in accordance with the regional ethical committee on human research. The volunteers had no known cardiac or systemic diseases.
Magnetic resonance
imaging. The MRI investigations were performed with a 1.5-tesla 15S Gyroscan HP Philips whole-body system. The subjects were examined in the supine position. Coronal and sagittal scout images were obtained with a spin-echo sequence. A short-axis plane perpendicular to the ascending aorta was derived from these coronal and sagittal spin-echo scout views by double angulation to determine the angulations and off-centers from the magnetic isocenter. The position of the short axis was one to two diameters downstream of the aortic valve. Aortic flow rate was measured by velocityencoded cine MRI with a flow-compensated gradient-echo sequence using the standard flow-adjusted gradients sequence. Velocity encoding was selected along the slice-select direction perpendicular to aortic flow in the ascending aorta (Fig. 4) . The following settings were used for flow measurements: 256 × 256 data acquisition matrix, 35-cm field of view, 1-cm slice thickness, 12-ms echo time and 45 ° flip angle. The maximal velocity that could be measured without introducing aliasing was _+ 1.25 m/s. The temporal resolution was -27 ms. The scan time for the flow measurements using two signal averages and ECG gating was ~-15 min for each subject, depending on the individual heart rate.
Color Doppler flow mapping. Doppler ecbocardiographic examination was performed immediately after MRI. The subjects were examined in the left lateral decubitus position. The mitral valve orifice was imaged from the apical position using a standard transthoracic mechanical annular phased array transducer. The transducer was rotated manually in a paired biplane manner, starting from the apical long-axis view of the mitral valve and then rotating 90 o clockwise (Fig. 5) . Doppler color gain was adjusted to maximize signal without introducing noise in areas without flow. The color flow data were recorded at 2.5 MHz using a high "packet size" (consisting of 30 pulse trains for each velocity estimate), and the low velocity reject was set to 12 cm/s. With these settings, the frame rate was only 5 frames/s. To compensate for poor temporal resolution, asynchronous sampling was used for the human study. For each of the two rotations, 4 s (corresponding to 20 frames) was recorded. The color flow data were digitized on-line and transferred to a computer for further off-line analysis. Study of repeatability. To determine the degree of repeatability of the color Doppler method for cardiac output measurements across the mitral valve, color Doppler flow measurements were repeated twice in the 10 volunteers. Ultrasound data analysis. The digitized color Doppler flow maps were analyzed using a custom-made Pascal program that interacted with an ultrasound data analysis program (Echodisp, Vingmed). The software program had a display facility showing the color Doppler image with the arc (corresponding to the radius of the sphere) superimposed so that the flow of interest could be defined (Fig. 3 and 5) . The arc was positioned approximately one diameter downstream of the pulmonary valve for calculating pulmonary flow and between the mitral annulus and leaflet tips for calculating mitral valvular flow. Visual display of the velocities along the arc enabled the operator to set the velocity range (baseline) of the color Doppler correctly so that aliasing was avoided. Cardiac output in the pulmonary artery and across the mitral valve was estimated by pulsed Doppler echocardiography for comparison with thermodilution and MRI, respectively. Filling of the entire equidistant surface of the sphere was accomplished by assuming that the measured velocities from the different scan planes were representative for 1/(number of rotations) of the area of the sphere. Cardiac output was calculated as follows: 60 × Total flow Cardiac output (ml/min) -NP ' [3] where the Total flow is the sum of all frames; P is the number of rotations (P = 6 for the pulmonary artery; P = 2 for the mitral valve); and N is the average number of frames in each rotation (N = 20 to 35, depending on the heart and frame rate and the number of time delays chosen). Each pulmonary flow estimate was obtained from -6,000 velocity values (5 frames × 5 time delays x 60 scanlines x 6 rotations x -2/3 filling of each arc). The 2/3 filling of each arc is included in the calculation to account for the size of the vessel. For each mitral valvular flow estimate, -1,600 velocity values were computed using two rotations with 20 frames each. In the case of the mitral valvular flow, only forward flow in the direction of the left ventricle was included in the previous summation because the mitral inflow patterns are very complex, including vortex motion within the left ventricle (3). Furthermore, this simplification enabled us to differentiate between left ventricular outflow and mitral inflow within the left ventricle. Magnetic resonance imaging data analysis. The accuracy of flow measurements by the MRI technique depends on suppression of artifacts. Thus, the velocity maps were cor- rected for possible linear phase errors resulting from eddy currents in the magnetic field. This procedure was performed by a semiautomated software program (14) . Velocities outside the predefined velocity range of -+ 1.25 m/s were manually unwrapped by adding the velocity value corresponding to -+2~. The aliased velocities were easily recognized from the time versus velocity plots, which showed an abrupt change from high positive to negative values. Calculation of aortic flow rate (cardiac output) was performed by drawing a region of interest encircling the entire aortic area in each time frame. The product of the cross-sectional area and spatial mean velocity provided the instantaneous flow rate in each time frame. The summation of these flow rates during systole gave the systolic stroke volume. The cardiac output that was computed for comparison with color Doppler cardiac output was then calculated as the product of systolic stroke volume and heart rate.
Statistical methods. The extent of the agreement between cardiac output measurements using the Doppler method and those from thermodilution and MRI was assessed by the method described by Bland and Altman (15) . This statistical analysis is appropriate for assessing agreement between two methods when the true values remain unknown. Repeatability of the color Doppler method was tested by calculating the standard deviation of the differences between the two repeat cardiac output measurements.
Results
Animal studies. Cardiac output in the different animals, estimated by the thermodilution method, ranged from 1.4 to 7.3 liters/rain. A total of 38 cardiac output measurements were made with different settings of "packet size" and low velocity reject.
Comparison of the thermodilution and color Doppler methods for estimating cardiac output by the method of Bland and Altman showed wide limits of agreement for the differences between the two techniques when a medium "packet size" and low velocity reject setting of 0.08 m/s were used. At these settings, the range of agreement for the differences between cardiac output by thermodilution and that by color Doppler were 0.6 +_ 1.25 liter/min (mean _+2 Average CO by thermodilution and color Doppler (I/min) (b) Figure 6 . Difference between cardiac output (CO) measurements by thermodilution and color Doppler ultrasound recordings in the main pulmonary artery plotted against mean value, a, "Packet size" was medium, and low velocity reject was set to 8 cm/s. b, "Packet size" was maximal, and low velocity reject was set to 8 to 12 cm/s. Open circles = transesophagea[ scanning; solid circles = epicardial scanning. SD) (Table 1, Fig. 6a ). The limits of agreement for the differences between cardiac output by thermodilution and that by color Doppler were -0.16 _+ 0.94 liter/min (mean _+2 SD) ( Table 1, Fig. 6b ) when all data with maximal "packet size" were added.
Human study. Close agreement was found between mitral valvular flow rate by color Doppler and aortic flow rate by MRI technique. The range of agreement for the differences between cardiac output by MRI and that by color Doppler was 0.21 _+ 0.83 liter/min (mean _+2 SD) (Table 1, Fig. 7) .
The repeatability coefficient (defined as two standard deviations of differences) for the repeat measurements of mitral valvular flow rate was 0.54 liter/min when the color Doppler method was used (Table 2 ). Figure 8 shows the plot for pairs of measurements made with the color Doppler method. January. 1996:182-92 MEASUREMENT OF VOLUMETRIC FLOW 
Discussion
Volumetric flow measurements using conventional spectral Doppler echocardiography require correct determination of the cross-sectional area throughout the heart cycle, uniform velocity distribution across the area and exact knowledge of the angle between the ultrasound beam and the flow direction. These sources of error are presently difficult to eliminate and therefore make Doppler cardiac output measurements difficult to accomplish with precision and adequate reproducibility. We believe that the method described in the present study has obvious advantages with regard to eliminating these sources of error. By integrating the effective flow area in each frame with a 40-to 50-ms time interval, it was possible to include phasic variations in the cross-sectional pulmonary flow area with a reasonable temporal resolution. Theoretically, this method of volume flow calculation is much more correct than interrogating a single sample volume and making approximations of the relevant flow area.
As pointed out, this volumetric flow method is basically independent of the angle of incidence between the ultrasound beam and the direction of the blood flow. This independence essentially means that the method has potential for measuring not only cardiac output in normal subjects, but also in patients with valvular regurgitation or stenosis. Current color Doppler techniques to quantify valvular regurgitation, such as the proximal isovelocity surface area method (16) , which assumes hemispherical isovelocity contours, rely on rigid assumptions about the flow field. The present pulsed Doppler technique assumes only the incompressibility of the fluid and is therefore a potentially more accurate approach. Animal study. Cardiac output measured in the pulmonary artery by thermodilution and by the Doppler technique showed the best agreement when the maximal "packet size" of the color Doppler equipment was used. The limits of agreement (i.e., mean difference _+2 SD) were acceptable when a maximal "packet size" and low velocity reject of 8 to 12 cm/s were used. Because the differences can be considered normally distributed (checked by a probability plot), 95% of the differences will lie between these limits. The maximal flow velocity that could be registered according to the Nyquist limit was _+0.48 m/s with a low velocity reject of 8 cm/s, which was sufficient in all but the highest flow rates. At the highest flow rates it was necessary to increase the low velocity reject to 12 cm/s, resulting in a Nyquist limit of _+0.70 m/s. The Nyquist limit is affected by the wall motion filter inasmuch as a low setting of the wall motion filter results in a low Nyquist limit because optimization of the low velocity registration is achieved at the expense of a reduction in pulse repetition frequency.
Another very important variable was the "packet size." We found that a maximal "packet size" (consisting of 34 pulse trains) resulted in the closest agreement with the thermodilution technique, whereas a medium "packet size" (16 pulse trains) showed an underestimation of flow compared with thermodilution and exhibited wide limits of agreement. More pulse trains are used with the maximal "packet size," resulting in a more consistent velocity estimator. Thus, for these two important variables, our data indicate that the optimal setting is the lowest possible low velocity reject (allowing for velocities up to twice the limit determined by the Nyquist theorem) and the maximal "packet size" of the equipment.
When measuring flow in the pulmonary artery, double angulated (e.g., 60 °, 30 °) ultrasound scanning was performed, and the flow was calculated along six arcs. The resulting flow (with no angle-correction factor) was found to correlate well with the thermodilution technique. If such flow is measured with standard techniques, an angle-correction factor of -2.3 ([cos 60 ° × cos 30 °] 1) should have been used. Furthermore, the success of such a method would depend heavily on the correct estimate of the flow direction.
Pulmonary artery flow has been less well studied clinically than aortic and mitral valvular flow, and results have been variable when compared with independent measures of flow (17) (18) (19) (20) . It is difficult to compare the results of these earlier investigations with our results because, in their comparison of measurement methods, most investigators have used regression analysis and correlation coefficients that are inappropriate for assessing agreement between two methods of clinical measurement (15) . The major source of variability in the Doppler echocardiographic calculations of pulmonary flow appears to be the determination of pulmonary cross-sectional area. The nonuniform velocity distribution caused by the retrograde flow at the inner curvature may also induce large errors when the spatial mean velocity is estimated from one-sample volume recording. The maximal error resulting from a nonuniform velocity distribution has been estimated to range from 40% to 70% in a recent magnetic resonance velocity mapping study (2) . Thus, the pulmonary artery provides excellent conditions for validating the most fundamental principles of this new technique, namely, the independence of the angle between the ultrasound beam and the direction of the blood flow and the close approximation of the crosssectional flow area throughout the cardiac cycle.
Human study. Our results demonstrated the feasibility of the method for transthoracic measurements across the mitrat valve in humans. Furthermore, the repeatability of the method was shown to be satisfactory, with a repeatability coefficient of -12% of the mean cardiac output. To reduce scan time, the method was further automated, and the number of scan planes was reduced to two for mitral valvular flow measurements versus six used in the animal studies. We used asynchronous triggering, which effectively reduced the time for color Doppler flow measurements to a minimum of -5 min, including the computation time. This sampling method enables quantification of volumetric flow, using the color Doppler technique, even at a very low frame rate. Another advantage of this sampling scheme is that average volumetric flow can be determined regardless of cardiac arrhythmia in patients. This advantage enhances the practical use of the method in the clinical setting, where heart rate variability is often a major problem. Thus, the use of asynchronous triggering for volumetric flow measurement is a feasible way to overcome the time resolution limitations of current color Doppler technique. The optimal number of scan planes and sampling time will depend on the site of flow measurement and the precision required. Clinical assessment of mitral flow has proved more difficult than that of aortic flow, and the results are more variable (21) (22) (23) . The major source of this variability in Doppler echocardiographic calculations of mitral valvular flow appears to be the determination of mitral valvular cross-sectional area. Thus, controversy exists regarding the optimal position for estimating mitral valve area. We computed the flow area delineated from color flow mapping at a position between the mitral annulus and leaflet tips and showed that this approach was feasible and accurate.
The present version of the method is semiautomated, with a minimum of time involved in the scanning and calculation procedures, an important consideration for any method used clinically. The method is well suited for further automatization with on-line measurement of volumetric flow.
The nonuniform velocity profile observed across the mitral valve in several studies should be accounted for in using the single-sample volume technique (3) (4) (5) (6) . In a recent study by our group, we found that the anatomic center time-velocity integral varied from the spatial average time-velocity integral by + 13 _+ 15% (3) . Therefore, at the location of the mitral valve, it seems to be a more accurate approach to measure all velocities along the radius of the sphere rather than just in one sample volume. Also, at the aortic annulus a skewed velocity profile was observed, but data indicate that the centerline velocity is a good estimate for the spatial mean velocity in normal subjects (24, 25) . Thus, at the location of the aortic annulus, the importance of the skewed velocity profile is probably small compared with other sources of error involved in pulsed Doppler measurements of cardiac output.
Limitations of the study. The major problem in performing an in vivo validation of a new method for cardiac output measurement is that there is no reference standard for measuring cardiac output noninvasively. It is well known that thermodilution may be relatively inaccurate (26) , with an intrinsic error of at least 10% to 15% (27) .
The MRI technique has been validated as well, showing that as long as sources of error are minimized, velocity in medium to large blood vessels can be measured with at least 90% accuracy (28, 29) . Thus, even if the color Doppler method described in the present study were 100% accurate, we would not expect the differences from the thermodilution and MRI methods to be much smaller than those observed in our study using the maximal "packet size." Slightly greater differences were seen for the pulmonary artery than the mitral valve study (even though more scan planes were used in the animal studies), most likely because of the difficulty in maintaining absolutely stable hemodynamic variables during inotropic and chronotropic support, especially during the long measuring times. Thus, we did observe in some cases that cardiac output had changed 10% to 15% from the beginning of the color Doppler measurements to the end. Therefore, we had to calculate an average value of the thermodilution measurements made before and after the Doppler measurements for comparison with the color Doppler method.
In the present study, flow was integrated across a fixed surface at the pulmonary artery and between the annulus and leaflet tips across the mitral valve. Because the mitral annulus moves through the heart cycle (30, 31) , the fixed surface will change in relation to the mitral annulus. The relative velocity of blood moving from the atrium toward the ventricle during diastolic filling is the sum of the absolute velocity of flow and the rate of recoil of the mitral annulus toward the atrium. Therefore, mitral inflow will be underestimated by this application of the color Doppler method because the mitral annulus moves in the direction opposite to the mitral inflow vector during early diastolic filling (31). Keren et al. (31) found that the rate of recoil motion of the mitral annulus was 9.9 + 2.02 cm/s (mean _+ SD), with a duration of 0.108 + 0.013 s. Because the entire diastolic filling period is approximately five times longer than the duration of annulus recoil, and the mean diastolic inflow velocity in this period is -27 cm/s, the underestimation of mitral valvular flow will be -7%:
because of annulus motion. The comparison between cardiac output approximated from the mitral valve by the color Doppler technique and that measured through the ascending aorta showed a mean underestimation of 4.7% by the color Doppler technique. However, whether this difference can be ascribed to mitral annulus motion is dilficult to conclude from this small number of observations. Therefore, a larger clinical study in patients is needed to establish the importance of mitral annulus motion for precise cardiac output measurements across the mitral valve. Generally, the spatial resolution of a pulsed Doppler sample volume is best in the axial direction, and the lateral resolution is poorer. This, in combination with a finite number of scan lines in the two-dimensional scan array, results in a low lateral resolution for the color Doppler modality. This means that the lateral resolution of the color Doppler system is the limiting factor for precise definition of flow area when defined from the color flow maps.
The magnetic resonance measurements were obtained with the subjects in the supine position, whereas the color Doppler measurements were recorded in the steep left lateral decubitus position to obtain an optimal acoustic window. This difference in head position should not affect cardiac output or arterial pressures in normal unsedated subjects until the appearance of presyncopal symptoms (32) . In that study, the investigators found that only heart rate will increase significantly as an effect of passive head-up tilt to 50 ° .
Conclusions. We developed a new volumetric flow method based on pulsed Doppler ultrasound. The technique was validated both in an experimental animal preparation and in normal volunteers. Because the basic theory is applicable to any flow that can be resolved accurately by the pulsed ultrasound technique, we anticipate a variety of applications for which this technique can be an attractive alternative to current semiquantitative or quantitative volumetric flow methods. The method should be validated further in larger numbers of patients to establish its full clinical potential.
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Appendix

Flow Measurement With No Angle-Correction Factor Using Spherical Surface Scanning
The basic theory can be expressed in mathematical terms as follows. The ultrasound-measured velocity can be found from V m = -V" Beam, where Beam is the unit-sized vector pointing in the direction of the ultrasound beam (from the transducer to the sample volume); V is the velocity vector in a particular point; and V m is the measured velocity. That is, the measured velocity at a point is the real velocity projected onto the direction of the ultrasound beam. The minus sign occurs because velocities are registered positive when an object is moving toward the transducer. The direction of a surface area vector dA is normal to the surface area dA (where dA represents an infinitesimal area AA, as shown in Fig. 4) . The normal vectors to the surface of a sphere have the same direction as a vector pointing from the center of the sphere to a particular point on the surface. Thus, It should be noted that there is no longer any angle-correction factor because both V m and dA are scalars. For flow into a surface, the sign is reversed, and we get the amount of flow dFlowin into a small surface: dFlOWin ~ V m dA, Q.E.D.
